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SUMMARY 


We  have  examined  in  detail  the  electromagnetic  energy  input  into  the  upper 
atmosphere  in  the  form  of  Poynting  fiux.  It  is  shown  that  a  spacecraft  that  is 
instrumented  to  simultaneously  measure  both  the  electric  and  magnetic  Belds,  and 
that  is  at  an  altitude  high  enough  to  ignore  collisions  but  below  any  field-aligned 
potential  drops,  can  routinely  measure  the  total  electromagnetic  energy  flux  into  the 
atmosphere  along  its  trajectory.  Examples  from  the  HILAT  satellite  are  presented. 
These  illustrate  the  feasibility  of  the  technique  and  even  suggest  some  small  regions 
of  upward  Poynting  flux  driven  by  low  altitude  neutral  winds. 
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I.  INTRODUCTION 


Energy  input  to  the  earth’s  atmosphere  due  to  the  interaction  between  the  so¬ 
lar  wind  and  the  magnetosphere  occurs  primarily  at  high  latitudes.  Kinetic  energy 
is  deposited  through  the  precipitation  of  energetic  particles  and  electromagnetic 
energy  is  dissipated  via  Joule  heating.  Either  energy  source  can  dominate  the  other 
at  a  given  location  and  local  time.  In  fact,  Vickrey  et  al.  (1982)  showed  that, 
although  the  daily  averages  of  the  energy  flux  from  particles  and  Joule  heating  are 
comparable  in  the  auroral  oval,  there  is  a  tendency  for  the  two  to  be  anticorre¬ 
lated.  Based  on  Chatanika  incoherent  scatter  radar  measurements,  those  authors 
found  the  morning  sector  (westward  electrojet)  particle  energy  deposition  rate  to 
be  generally  larger  than  that  in  the  premidnight  sector  eastward  electrojet.  The 
Joule  heating  rate  has  the  opposite  assymetry  about  midnight.  This  tendency  for 
anticorrelation  is  easily  understood.  Where  the  particle  flux  is  relatively  hard,  ion¬ 
ization  is  produced  at  lower  altitudes.  Because  the  Hall  mobility  peaks  at  a  lower 
altitude  than  the  Pedersen  mobility,  the  currents  associated  with  hard  particles  have 
a  greater  tendency  to  flow  in  the  Hall,  rather  than  the  Pedersen  direction.  Because 
Hall  currents  flow  in  a  direction  that  is  orthogonal  to  the  electric  field,  they  are  by 
definition  non-dissipative.  On  a  global  scale,  however.  Joule  heating  is  thought  to 
be  larger  than  particle  energy  deposition  because  it  is  spread  over  a  wider  range  of 
latitudes. 

Remote  sensing  of  particle  precipitation  is  straightforward  and  is  regularly 
performed  by  polar  orbiting  spacecraft.  Joule  heating,  on  the  other  hand,  is  not 
yet  routinely  monitored  and  it’s  estimation  usually  requires  severe  approximations 
such  as  neglect  (or  very  simplistic  modelling)  of  the  atmospheric  wind;  e.g.  Vickrey 
et  al.  (1982).  In  this  report  we  show  that  the  electromagnetic  energy  flux  into  the 
atmosphere  can  be  reliably  measured  by  polar  orbiting  spacecraft  at  altitudes  in 
the  range  400-1000  km  by  determination  of  the  vertical  component  of  the  Poynting 
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Sux.  Since  this  measurement  is  of  a  local  quauitity,  no  assumptions  are  required 
concerning  the  relative  orientation  of  the  spacecraft  velocity  and  current  sheets  such 
as  are  needed  in  determination  of  Birkeland  currents.  Moreover,  neutral  winds,  the 
ionospheric  conductivity,  and  conductivity  gradients  are  all  accounted  for  in  the 
measurement. 

A  theoretical  discussion  for  the  elementary  case  of  energy  dissipation  in  a  re¬ 
sistive  wire  is  presented  in  Appendix  A.  In  the  following  sections,  analyses  of  the 
Poynting  flux  measured  during  two  passes  of  the  HILAT  satellite  are  presented. 
These  events  are  of  interest  in  their  own  right  and  show  some  of  the  usefulness  of 
the  concept.  Continued,  long  term  studies  of  the  effect  of  solar  activity  on  the  atmo¬ 
sphere  can  benefit  greatly  from  this  measurement  technique.  It  is  hoped  that  more 
refined  algorithms  can  eventually  be  applied  to  ISTP  and  DMSP  measurements  to 
estimate  the  total  energy  input  into  the  upper  atmosphere. 
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II.  QUASI  DC  POYNTING  FLUX  MEASUREMENTS 
MADE  BY  THE  HILAT  SATELLITE 


A  derivation  of  the  Poynting  flux  for  a  simple  wire  is  presented  in  Appendix 
A.  For  our  application  to  the  problem  of  magnetosphere-ionosphere  coupling,  we 
first  consider  the  volume  enclosed  by  the  surface  of  the  earth  and  a  “cap”  covering 
all  latitudes  above  say  50°.  The  cap  is  located  at  an  altitude  which  is  not  crucial 
but  which  is  between  ~  400  and  1000  km.  (In  what  follows,  we  assume  that  it 
is  the  satellite’s  orbital  altitude.)  This  height  is  chosen  to  be  high  enough  that 
particle  collisions  are  rare  but  below  any  region  of  significant  field-aligned  electric 
fields  associated  with  the  aurora.  We  assume  that  the  zonal  component  of  the 
perpendicular  electric  field  goes  smoothly  to  zero  at  the  low  latitude  edge  of  Si, 
that  the  magnetic  field  lines  are  everywhere  vertical,  and  we  ignore  curvature  of 
the  magnetic  field  lines  over  this  height  range.  The  volume  of  interest,  shown  in 
Figure  1,  is  then  bounded  by  the  high  altitude  cap,  Si,  the  surfzure  of  the  earth, 
S2,  and  the  surface  S3  linking  the  cap  and  the  earth.  Since  the  earth  is  a  good 
conductor  the  electric  field  vanishes  on  S2  and  the  Poynting  flux  is  zero  across  it. 
If  no  thunderstorms  are  located  near  the  boundary  then  we  can  assume  that  the 
fair  weather  electric  field  is  vertical  and  the  Poynting  flux  across  S2  is  also  zero. 
This  implies  that  the  entire  electromagnetic  power  dissipated  in  the  volume  may  be 
found  by  integrating  the  Poynting  flux  across  Si.  Since  SI  is  perpendicular  to  Bo, 
the  power  input  to  the  earth’s  atmosphere  in  the  high  latitude  zone  is  given  by 


Wt 


1 

f^o 


(Ko  ^  ■  ds 


(1) 


where  ^is  the  perpendicular  electric  field  on  Si  and  SBx  is  the  deviation  of  the 
total  magnetic  field  from  the  undisturbed  value  in  the  plane  perpendicular  to  Bg. 
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Figure  1.  SI:  Surface  through  which  magnetospheric  Poynting  flux  P  enters 
the  upper  atmosphere.  S2:  The  earth’s  surface,  being  a  good 
conductor  requires  Ej.  =  0  and  hence  P  =  0.  S3:  Assuming  that 
magnetic  field  lines  are  straight  and  vertical  as  well  as  the  fair 
weather  electric  field  implies  that  P  ■  S3  =  0. 
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As  we  shall  see,  this  energy  is  quite  substantial,  often  locally  larger  than  the 
input  of  energy  via  precipitating  particles.  Furthermore,  existing  spacecraft  instru¬ 
mentation  is  quite  capable  of  determining  this  quantity  in  an  unambiguous  manner, 
albeit  only  along  one  trajectory,  by  measuring  the  vector  electric  and  magnetic  fields. 
A  local  measurement  of  Eo  x  6B±_  at  typical  ionospheric  satellite  altitudes  yields 
the  local  power  input  to  the  earth’s  atmosphere.  It  is  important  to  note  that  no 
geometric  assumptions  are  necessary  to  find  this  quantity,  unlike  those  required  to 
determine,  for  example,  Jji  from  magnetic  field  me2isurements  along  a  trajectory 
(which  can  only  yield  one  component  of  V  x  B).  It  is  also  true  that  the  Point¬ 
ing  flux  yields  the  correct  energy  input  even  if  a  neutral  wind  is  present  in  the 
ionosphere,  which  is  almost  always  the  case.  In  fact  if,  as  has  been  suggested,  a 
“flywheel”  effect  occurs  such  that  accelerated  neutral  winds  maintain  the  circula¬ 
tion  of  plasma  during  decaying  magnetic  activity,  then  the  Poynting  flux  will  be 
upwcird.  A  detection  of  upward  Poynting  flux  would  then  be  unambiguous  evidence 
for  such  a  flywheel  effect. 

We  can  also  compare  the  present  results  to  recent  publications  of  correlations 
between  the  component  of  the  electric  field  along  a  satellite  trajectory  with  the 
component  of  the  magnetic  field  detected  across  the  trajectory.  These  correlations 
are  sometimes  excellent  (e.g.,  Sugiura  et  al.,  1982)  and  sometimes  not  so  good  Burke 
et  al.,  1982).  These  authors  point  out  that  assuming  that  the  current  sheets  are 
perpendicular  to  the  trajectory  and  that  the  ionospheric  conductivity  is  uniform, 
the  charge  neutrality  condition  V  •  J  =  0  implies  that 


6By  fio^p 

where  Ep  is  the  height-integrated  Pedersen  conductivity.  Well-correlated  data  then 
imply  uniform  Ep  as  well  as  provide  a  measure  of  that  quantity.  However,  gradients 
in  Ep,  neutral  winds,  and  non-L-shell  aligned  current  sheets  ail  make  the  ratio 
above  invalid  and  have  been  used  to  explain  the  cases  when  the  correlation  is  not 
good.  Moreover,  the  above  relation  (2)  assumes  that  static  currents  closing  through 
the  ionosphere  are  being  sampled.  If,  however,  the  electrodynamic  perturbations 
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were  due  to  a  propagating  Alfv4n  wave,  the  ratio  of  HoEz/6By  would  yield  the 
intrinsic  impedance  of  the  medium,  not  the  inverse  of  the  height  integrated  Pedersen 
conductivity.  This  is  discussed  in  detail  in  Section  FV.  The  Poynting  flux,  on  the 
other  hand,  does  not  suffer  from  these  ambiguities,  and,  furthermore,  seems  a  more 
fundamental  quemtity. 

Before  discussing  the  HILAT  satellite  measurements,  one  additional  comment 
is  of  interest.  As  noted  above,  the  magnetospheric  electric  field  maps  deep  into 
the  stratosphere.  If  we  acknowledge  that  there  is  very  little  dissipation  of  magne- 
tospherically  imposed  electrical  energy  in  the  troposphere,  then  it  follows  that  the 
perturbation  magnetic  field  due  to  auroral  currents  near  the  surface  of  the  earth 
[SB)  must  be  parallel  to  the  mapped  electric  field  (£^).  In  turn,  this  is  equivalent 
to  the  oft-quoted  statement  that  ground  magnetometers  respond  only  to  overhead 
Hall  currents.  The  Poynting  flux  argument  can  thus  be  used  to  make  this  point 
without  the  necessity  to  show  that  the  magnetic  fields  from  Birkeland  currents  can¬ 
cel  those  from  Pedersen  currents.  Balloon  data  taken  in  the  stratosphere  have  been 
compared  to  nearby  ground  magnetic  field  data  and  E  has  been  found  to  be  parallel 
to  SB  {Mozer  and  Strlin,  1969). 
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III.  HILAT  MEASUREMENTS  OF 
QUASI  DC  POYNTING  FLUX 

In  this  section  we  present  two  examples  of  Poynting  flax  measurements  in  the 
high  latitude  ionosphere.  The  instruments  used  were  not  optimized  for  measurement 
of  this  parameter.  Yet  the  results  are  quite  reasonable  and  support  the  theoretical 
discussion  given  above.  VVe  believe  the  Poynting  flux  measurement  concept  is  worthy 
of  pursuit  with  more  sensitive  instruments  and  more  stable  measurement  platforms. 

The  data  come  from  the  HILAT  satellite  which  mezisures  the  vector  magnetic 
field  using  a  fluxgate  magnetometer  and  deduces  the  electric  field  from  an  ion  drift 
meter.  Each  of  the  three  components  of  the  magnetometer  was  sampled  at  a  20  Hz 
rate.  The  cross-track  drift  of  the  plasma  is  sampled  at  a  4  Hz  rate.  Unfortunately 
the  in-track  drift  component  is  only  available  once  per  .second  since  it  requires  a 
sweep  of  the  retarding  potential  analyzer.  These  drift  data  yield  the  electric  field 
component  perpendicular  to  Bo  which  is  also  necessary  for  a  full  Poynting  flux 
determination. 

The  spacecraft  is  gravity  gradient  stabilized  but  suffers  attitude  perturbations 
from  thermal  stress.  Examples  of  the  magnetic  field  data  which  we  have  used  in 
the  two  orbits  presented  here  are  given  in  Figure  2  and  show  the  attitude  problem 
very  clearly.  The  upper  panel  shows  the  cross-track  magnetic  field  data  obtained 
on  Day  164  of  1984.  The  sinusoidal  modulation  of  the  signal  is  due  to  one  of  the 
unfortunate  attitude  oscillation  modes  of  the  spacecraft.  Another  mode  is  clearly 
seen  in  the  second  panel  using  data  obtained  on  Day  122  of  the  same  year.  Here 
a  very  long  period  attitude  oscillation  is  seen  in  the  signal.  It  is  clear  from  these 
data,  however,  that  signals  of  geophysical  significance  are  present.  On  day  164, 
for  example,  the  spacecraft  passes  through  three  large  scale  regions  of  field-aligned 
current  as  ascertained  from  the  derivative  of  the  magnetometer  signal,  ignoring  the 
sinusoidal  component.  On  day  122,  three  consecutive  pairs  of  current  sheets  are 
visible,  even  in  the  presence  of  the  long  period  perturbation. 
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In  the  analysis  below  we  have  filtered  the  signals  to  remove  these  perturbing 
influences.  A  digital  notch  filter  (order  20  Butterworth)  with  a  center  frequency  of 
.0286  Hz  and  a  bandwidth  of  .01  Hz  was  used  for  Day  1&4;  a  high  pass  filter  allowing 
frequencies  above  0.0029  Hz  to  contribute  was  used  for  both  days.  This  necessary 
filtering  precludes  measurement  of  the  largest  scale  size  Poynting  flux  input  to  the 
high  latitude  system.  The  filtering  scheme  also  results  in  errors  at  the  end  points 
of  the  time  series  and,  therefore,  we  concentrate  on  the  central  portions  of  the 
plots  below.  The  fractional  orbit  acquisitions  from  a  real  time  satellite  system  such 
as  HILAT  are  not  suited  for  fully  global  measurements  anyway;  we  are  therefore 
icotricted  to  more  local  studies  such  as  auroral  oval  crossings.  (For  a  case  wherein 
the  entire  high  latitude  signatures  of  both  E  and  B  are  available,  the  reader  is 
referred  to  Smiddy  et  a/.,  1977). 

The  Poynting  flux  measured  on  Day  164  is  presented  in  the  upper  panel  of 
Figure  3  along  with  a  number  of  other  measured  parameters  for  this  pass.  The  inset 
shows  the  pass  in  a  magnetic  local  time  invariant-latitude  format.  The  satellite  was 
acquired  in  the  polar  cap  and  passed  over  the  dayside  auroral  oval  just  before  local 
noon.  Although  MKS  units  were  used  in  the  derivation  above,  we  have  plotted  the 
Poynting  flux  in  ergs/cm^  sec  to  conform  to  the  usual  notation  in  presenting  particle 
fluxes  in  the  aurora.  The  power  flux  is  almost  entirely  downward  throughout  the 
pass,  with  the  single  exception  of  a  brief  burst  of  upward  flux  at  ~  12:28  UT. 

The  second  panel  in  Figure  3  is  the  field-aligned  current  derived  from  the 
magnetometer  data  using  the  usual  assumptions  for  deriving  the  regionl/region2 
current  patterns.  Because  a  derivative  is  required  some  smoothing  has  been  neces¬ 
sary.  For  the  reasons  mentioned  above,  we  restrict  attention  to  the  three  current 
sheets  in  the  center  of  the  figure  and  not  the  small  variations  outside  this  region 
which  are  most  likely  spurious.  The  existence  of  three  sheets  is  quite  common  in 
the  noon  sector  [lijima  and  Potemra,  1978).  The  upward  current  sheet  at  invariant 
latitudes  below  about  72°  is  collocated  with  fairly  hard  electron  precipitation  as 
shown  in  the  darkest  trace  in  the  third  panel. 
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Figure  3.  Poynting  flux,  field-aligned  current,  and  precipitating  electron  en¬ 
ergy  flux  measured  on  day  164.  The  panels  on  the  right  show 
the  spacecraft  trajectory  in  geographic  (upper)  and  geomagnetic 
(lower)  coordinates.  The  loci  of  the  E-  and  F-region  penetration 
of  the  ray  path  to  the  satellite  are  also  indicated. 
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Except  for  three  short  time  periods  when  the  particle  energy  deposition  briefly 
exceeded  1  erg/cm^  sec  sr,  the  Poynting  flux  was  at  least  5  times  the  precipitating 
electron  kinetic  energy  flux  and  usually  was  more  than  an  order  of  magnitude  larger. 
The  particle  influx  has  been  plotted  positive  for  downward  energy  flow  since  the 
detector  pointed  upward.  Note  that  the  plot  of  Poynting  flux  in  the  upper  panel 
has  the  reverse  polarity. 

This  orbit  was  such  that  the  ionosphere  was  sunlit  over  the  entire  trajectory. 
From  the  solar  depression  angle,  the  solar-produced  electron  density  and  the  con¬ 
ductivity  of  the  E  region  can  be  determined.  Although  not  particularly  important 
in  this  case,  we  have  also  estimated  and  included  the  contribution  of  particle  pre¬ 
cipitation  to  the  conductivity  by  assuming  that  the  observed  electron  flux  has  been 
present  long  enough  for  a  steady  state  electron  density  profile  to  be  reached.  With 
this  estimate  for  Ep  and  the  observed  electric  field  from  the  ion  drift  meter  we  can 
estimate  the  Joule  heating  in  the  ionosphere  and  compare  it  to  the  Poynting  flux  as 
shown  in  Figure  4.  We  use  the  term  “estimate”  since  the  calculation  cannot  take 
into  account  the  existence  of  any  neutral  wind  in  the  region  near  140  km  where  the 
Pedersen  conductivity  maximizes. 

The  comparison  shows  that  the  Poynting  flux  levels  we  have  found  are  quite 
reasonable,  zind  comparable  to  our  estimate  of  the  Joule  heating  rate.  We  argue 
here  that  the  fundamental  quantity  of  interest  for  studies  of  energy  transfer  to  the 
atmosphere  is  the  Poynting  flux  and  that  it  can  be  remotely  sampled  on  an  orbital 
spacecraft. 

Data  from  the  second  event  is  presented  in  Figure  5  in  a  format  identical  to 
that  used  in  Figure  3.  As  can  be  seen  in  the  raw  data  in  Figure  2  and  in  the 
smoothed  Birkeland  currents  in  the  second  panel  of  Figure  5,  several  current  sheets 
were  detected  during  this  dusk  pass  through  the  auroral  oval.  This  is  unusual,  at 
least  as  far  as  the  literature  indicates.  A  significant  upward  current  is  collocated 
with  a  burst  of  electron  precipitation.  In  this  pass  the  ionosphere  was  not  sunlit  and 
hence  its  conductivity  was  determined  primarily  by  the  precipitation.  Nonetheless, 
there  was  still  significant  Poynting  flux  in  regions  where  the  p2U‘ticle  input  was 
low  and  the  Birkeland  currents  downward.  The  relative  magnitudes  of  the  kinetic 
energy  and  electromagnetic  energy  input  are  comparable  in  this  case. 
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HILAT  Day  164, 1984 
MLT  11:57  to  11:49 


UT  12:24  12:26  12:28  12:30  12:32 

InvUt  89.4  82.8  76.3  69.9  63.6 


Figure  4.  Comparison  of  the  estimated  Joule  heating  rate  and  Poynting  flux 
measured  by  HILAT  on  day  164,  1984. 
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It  is  essentially  impossible  to  estimate  the  Joule  heating  in  this  case.  In  fact, 
an  event  such  as  this  shows  that  even  if  the  neutral  wind  is  ignored  or  assumed  to 
be  unimportant,  (a  dubious  contention),  the  electromagnetic  energy  input  to  the 
atmosphere  cajinot  be  ziscertained  simply  from  electric  field  and  particle  data.  The 
Poynting  flux  yields  the  input  unambiguously. 

The  two  power  sources  are  added  together  in  Figure  6  to  yield  the  total  power 
input  to  the  atmosphere  via  electrons  and  electromagnetic  sources.  It  is  unlikely 
that  baickscattered  electrons  or  ions  contribute  very  much  to  the  energy  balance 
amd  hence  this  plot  represents  the  contribution  of  the  solar  wind  magnetosphere 
interaction  to  the  earth  in  this  local  time  sector. 

As  was  the  case  on  Day  164,  for  a  brief  period  of  time  there  is  evidence  for 
upward  Poynting  flux  at  the  edge  of  an  electron  precipitation  zone. 
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HILAT  Day  164, 1984 
MLT  11:57  to  11:49 


UT  12:24  12:26  12:28  12:30  12:32 

bivUt  89.4  82.8  76.3  69.9  63.6 


Figure  6.  Sum  of  Poynting  flux  and  total  precipitating  electron  energy  flux 
measured  on  day  122,  1984. 


IV.  AC  POYNTING  FLUX  CONSIDERATIONS 


As  is  pointed  out  in  some  detail  in  Appendix  B,  when  one  moves  away  from  the 
quasi  DC  assumption  and  begins  to  consider  temporally  fluctuating  electrodynamic 
quantities,  the  data  become  somewhat  more  difficult  to  interpret.  In  that  appendix, 
we  show  that  a  spacecraft  can  be  expected  to  measure  a  different  electrodynamic 
signature  for  a  steady-state  field  aligned  current  that  closes  in  the  ionosphere  than 
it  would  for  a  purely  propagating  Alfven  wave.  One  can  hope  to  separate  these  two 
special  cases  by  examining  the  ratio  of  the  measured  electric-  and  magnetic-field 
fluctuations.  For  a  steady-state  current  system  closed  in  a  uniform  ionosphere,  this 
ratio  is  proportional  to  the  inverse  of  the  ionospheric  height-integrated  Pedersen 
conductivity;  For  a  pure  Alfven  wave,  this  ratio  yields  the  intrinsic  impedence  of 
the  medium  which  in  turn  is  directly  related  to  the  Alfven  speed.  Fortunately, 
for  the  satellite  orbits  that  we  are  considering,  these  characteristic  numbers  are 
significantly  different  -  the  inverse  intrinsic  impedance  being  ~  0.1  mho,  whereas 
the  height-integrated  ionospheric  Pedersen  conductivity  is  typically  several  mhos 
or  more. 

The  top  panels  of  Figures  7  and  8  show  the  power  spectral  density  (PSD)  of 
Poynting  flux  measured  by  the  HILAT  satellite  between  approximately  0.1  and  2  Hz 
for  a  small  portion  of  two  separate  orbits.  On  the  lower  panels  is  the  ratio  fioE/B 
measured  over  the  same  frequency  range.  The  impedance  implied  from  Figure  7 
is  close  to  the  value  corresponding  to  the  inverse  of  the  Pedersen  conductance  of 
the  ionosphere.  For  Figure  8,  the  value  is  closer  to  the  intrinsic  impedance  of  the 
flux  tube  implied  from  the  local  plasma  density  and  assuming  the  ion  composition 
is  100%  O"*".  These  data  are  consistent  with  the  signatures  of  steady  state  current 
systems  closed  in  the  ionosphere,  and  Alfven  waves,  respectively. 
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However,  many  other  orbits  show  values  that  are  between  these  “limits”  and 
even  suggest  that  the  impedance  has  a  systematic  frequency  dependence.  This  im¬ 
plies  a  mixture  of  waves  and  ionospherically  closed  currents  or,  perhaps,  interfering 
waves.  At  any  rate  a  rich  physical  process  is  indicated,  requiring  much  more  detailed 
modelling  than  the  simplistic  derivation  in  Appendix  B. 
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V.  CONTINUED  APPLICATIONS 


We  believe  that  the  data  and  the  theoretical  discussion  presented  in  this  re¬ 
port  show  that  a  very  important  upper  boundary  condition  dealing  with  energy 
input  to  the  earth’s  atmosphere  is  measurable  on  a  regular  basis  from  orbiting 
spacecraft.  If  several  satellites  were  available  (e.g.,  DMSP)  and  instrumented  to 
yield  both  the  Poynting  flux  and  the  particle  input,  it  seems  feasible  to  obtain  a 
near-continuous  measure  of  the  effect  of  the  solar  wind  magnetosphere  system  on 
the  earth’s  atmosphere.  This  in  turn  could  be  related  to  a  number  of  parameters 
in  upper  atmospheric  dynamics,  the  interplanetary  magnetic  field,  sunspot  number, 
the  electric  field  in  the  lower  atmosphere,  and  the  like. 

For  the  two  cases  studied  here,  we  have  shown  that  the  electromagnetic  power 
input  to  the  upper  atmosphere  is  larger  than  the  kinetic  energy  input,  much  larger 
in  the  sunlit  case.  The  calculated  Poynting  flu'"  '  onsistent  with  estimates  of  the 
Joule  heating  in  the  case  where  we  ran  estiinate  the  latter.  For  both  cases  we  have 
found  significant  energy  input  in  regions  with  little  electron  precipitation. 

Some  localized  regions  displayed  upward  Poynting  flux.  This  may  be  explained 
by  something  of  a  “flywheel”  effect  if  the  neutral  atmosphere  is  put  in  motion  by 
electrodynamic  forcing  and  subsequently  generates  an  electric  field  by  a  dynamo 
process.  Such  an  effect  is  known  to  be  responsible  for  electric  fields  in  the  low 
latitude  ionosphere  under  quiet  conditions,  when  solar  heating  drives  the  circulation 
in  the  upper  atmosphere.  In  addition,  a  disturbance  dynamo  is  also  thought  to 
occur  when  winds  blow  out  of  the  auroral  oval  into  the  low  latitude  zone  [Fejer, 
1981).  More  detailed  study  of  Poynting  flux  measurements  may  be  an  ideal  method 
to  ascertain  whether  this  “flywheel”  effect  helps  to  maintain  the  circulation  of  the 
high  latitude  plasma,  and  over  what  time  scale,  when  Bz  turns  southward. 
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APPENDIX  A. 


DERIVATION  OF  THE  POYNTING  FLUX  FOR  A  SIMPLE  SITUATION 


The  concept  of  the  Poynting  flux  as  a  diagnostic  tool  in  the  study  of  time- 
varying  electromagnetic  waves  is  well  established.  As  discussed  by  Feynman  et  al. 
(1964),  under  certain  circumstances  the  Poynting  flux  provides  a  valid  conceptual 
measure  of  energy  flow  even  for  steady  or  DC  electric  and  magnetic  fields. 

A  formal  derivation  of  Poynting’s  theorem  begins  with  consideration  of  the 
total  magnetic  energy  in  some  volume, 

The  time  rate  of  change  of  this  quantity  can  be  written 


Using  dBjdt  =  V  x  E  and  the  vector  identity  ^-[ExB)  =  5  •  (V  x  E  -  E- V  x  E) 
we  have 

Finally,  if  we  consider  the  static  case  de^/dt  =  0  and  furthermore,  that  VxE 
wr  can  write 

~J  I  f’SL-I.ExB)  dV  =  -l  I  j[El)  dV  (4) 

A  -  1 


Finally,  from  Gauss’  Theorem 


I  jpii=  j  I  l(E  J)  dV  (5) 

where  the  vector  ds  is  pointed  into  the  volume  everywhere. 

The  classic  example  of  this  result  is  that  of  a  long  thin  wire  of  resistance  R 
carrying  a  current  I  across  a  voltage  V.  Since  the  magnetic  field  in  this  case  is 
given  by  B  =  Holltra  and  E  —  VfL  where  a  is  the  wire  radius  and  L  is  its  length, 
the  total  energy  flux  into  the  wire  is  the  surface  integral  of  P, 

'^=1 

which  yields  the  total  energy  dissipated  per  unit  time  in  the  volume.  Obviously,  in 
deriving  this  result  we  have  ignored  the  fringing  fields  and  the  contributions  at  the 
ends  of  the  thin  wire. 
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APPENDIX  B 


Derivation  of  the  Expected  Chariu:teristics  of  Electric- 
and  Magnetic-Field  Fluctuation  Signatures 
for  Steady  State  Currents  and  Alfven  Waves 

Combined  measurements  of  E,  local  Ng  and  Ep  can  distinguish  between  steady 
state  currents  and  Alfve^n  waves. 

Let’s  examine  what  a  spacecraft  observes  for  these  two  cases. 

When  one  considers  a  quasi-DC  situation,  it  is  clear  that  a  steady  state  is  assumed. 
However,  when  temporal  variations  are  included: 

Assume:  J  =  +  Jtv  ;  Jtv  « 

Where  =  steady  state,  Jtv  =  temporally  varying 

V  X  B  —  Ho  +  Jtv) 


I  .  dE\ 

-Uo\J,g  +  e  j 


NM 


1 


\B\^  ^ 


(1) 


B  -  1 


Vector  Identity 


VxVxB  =  V(VB)  - 


-  dB 

V  xE  =  -  — 

dt 


(2) 


(3) 


Combine  (1),  (2),  and  (3): 


d^B 


=  -/ioV  X  J, 


(4) 


Equation  (4)  is  true  for  waves  or  steady-state.  Solving  (4)  for  steady  state  condi¬ 
tions 


j  if^SSX  rj 

Jtt  —  - Dys 

Mo 


Steady  State  =>  The  current  must  close  in  the  ionosphere. 


(5) 


V  •  J  =  0  ;  Assume- - ►  0 

oy 


J,,  =  .  (EpB)  =  ^  (EpB,) 


Assume  Ep  «  e*^  ;  Bj  oc  e*^xss^ 


=>  Jss  =  (»  +  ikxss)  B 


ys 


B  -  2 


—  —  -L  I  j 

By  I  ^SSX  } 


In  summer  k^sx  =>  o 


—  =  » 

Bj,  Mo^P 


Steady  State  Variations:  =>  IONOSPHERIC  IMPEDANCE! 


Pure  Alfven  Wave  Signature 


r,  -F 

VxB=-- 


Assume  =  0  ,  ^  0 


„  _  .  fdE,  dEy 


\  ,fdE,  dE,\  .(dEy 


i  :  ikzy^Ey  =  ljaB^ 


y  :  ikz^E^  =  uj^By  <=  E^,  By 


Measurable  by  a  spacecraft! 


z  :  ikxAEy  =  i^aBi 
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E, 

By 


1 

v/^e 
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Mo 


T?  =  INTRINSIC  IMPEDANCE  OF  THE  MEDIUM! 


A  spacecraft  measures  only  with  respect  to  x  and  hence,  only  one  component  of  (4) 


V^By 


1  d^By  _  dJss 

VJ 


(4') 


Steady-State  Spatial  Variations 


By 


^  {(jjt  —  kxss  •  x) 


plug  into  (4') 


(-ikxss) 


’b 


ys  =  -i^lokxssJss 


Bys 


-ifipJsa 

kxss 


(5) 


For  an  O'*"  plasma  at  800  km  altitude 


3.8  X  10® 


N, 

r)  (ohms) 

i  (mhos) 

10^ 

12.0 

.08 

10* 

3.8 

.26 

10® 

1.2 

0.8 

Ep  ~  1  -  10  mhos! 
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